Wax deposition inside pipeline and process equipment is a major problem in oil industry. In this study, a multi-solid thermodynamic model was developed to predict wax disappearance temperature (WDT). Paraffinic-naphthenic-aromatic (PNA) analysis was performed and two correlations were introduced for fusion properties of these species. In addition, WDT of 12 Iranian oil and condensate samples were measured using viscometry and differential scanning calorimetry (DSC) techniques. Experimental data of multi-component and ternary systems were utilized for validation of the model. It was observed that measured WDT by viscometry method is higher compared to DSC. Statistics analysis shows that DSC technique has lower average absolute relative error (AARE) and standard uncertainty compared to viscometry. Results show that the AARE of the model for ternary systems is 0.52% which is much lower among the previous developed thermodynamic models. In addition, AARE of the new model for 68 data was calculated about 0.23%, and R-square of model prediction was calculated about 0.97. The cumulative distribution function also indicates that P50 values are almost the same for model and experimental data. These results show that the model has a good accuracy. In addition, the accuracy of model increases as the average carbon number of oil mixtures increases. Finally, it was found that PNA analysis and distribution of each component in its sub-fractions have a considerable effect on the model accuracy.
Introduction
Understanding of wax formation potential in waxy oil samples is necessary for avoiding wax deposition during oil and condensate production. Wax deposition increases pressure drop and power requirements (Misra et al. 1995) , pig stuck (Bai and Bai 2005) and decreases effective flow area of the pipeline which causes oil production reduction (Jalalnezhad and Kamali 2016) . To prevent these problems, it is required to predict wax precipitation as a function of composition and thermodynamic conditions correctly. Various experimental studies were carried out for determining WDT and wax appearance temperature (WAT) of crude oils and condensate samples. Wang et al. (2003) used a light transmittance technique to measure the WAT and WDT of paraffinic mixtures of C 24 and C 36 in C 10 . Binary mixtures were prepared by dissolving 5 wt% of C 24 or C 36 in C 10 . Poly n-butyl methacrylate (nBuMA), poly n-nonyl methacrylate (NMA), poly n-octadecyl methacrylate (ODMA), polyalkyleneimine (D), and unknown (E) solvent were used as inhibitor. Their results show that solvents that decrease WAT also increase WDT of C 24 and C 36 mixtures. In addition, the ability of inhibitors for reducing the WAT of mixtures containing C 24 was higher than those which comprised from C 36 . In addition, the order of inhibitor efficiency for WAT reduction was E > D > ODMA > NMA = nBuMA. Several experimental studies were performed to measure wax formation condition in multi-component systems. In another study, Nitin and Anil (2004) studied the liquid-solid-phase equilibrium of waxy mixtures containing 6-22 wt% wax. These samples consisted n-alkanes with carbon number in range of C 20 -C 40 . In addition, C 16 and Norpar13 which comprised from mixture of C 9 -C 16 were employed as solvents. They reported that measured WDT data were higher than the WAT values by < 3 °C. Results of these studies show that the highest and lowest WDT values which, respectively, obtained for 22 wt% wax in C 16 and 6 wt% wax in Norpar13 are 41 and 26 °C. In addition, it was observed that wax-Norpar13 mixture had lower WDT compared to mixture that used C 16 as solvent. Martos et al. (2008) characterized wax samples precipitated from two crude oils at different temperatures by optical microscopy, elemental analysis, HNMR spectroscopy, DSC, and mass spectroscopy. Two naphthenic and paraffinic oil samples and their precipitated fractions were utilized for investigation. An HNMR spectrometer was used to quantify different types of hydrogen atoms. The temperature profile for DSC tests varied in range of 353 to 153 at 3 K min −1 and vice versa. Two different techniques including gas chromatography and high-resolution mass spectroscopy were employed for n-paraffin distribution of each fraction. They reported that crude oils had lower WDT values compared to corresponding precipitated samples because precipitated fractions had higher wax concentration. In addition, they observed that fractions which precipitated at lower temperatures had lower WDT, because lighter components crystallize at lower temperatures. The effect of wax properties of different oil mixtures from Iran reservoirs on shape, WAT, and crystals morphology was investigated by Taheri-Shakib et al. (2018) . The crude oil samples had asphaltene content in range of 0.67-16.19 wt% and wax content between 2.52 and 8.5 wt%. They used cross-polarized microscopy (CPM) and viscometer for WAT measurement. Their studies showed that naphthenic waxes comprised from polar compounds, while paraffinic waxes not contained from polar/naphthenic compounds. They reported that crystalline form affected and WAT increased by increasing asphaltene content. In addition, their results showed that WAT of semimicro-crystalline samples increased by increasing sample polarity. In addition, the authors found that WAT values can be reduced by eliminating the oxygen (O), sulfur (S), and nitrogen (N) elements in the waxy mixtures. In addition, they observed that in waxy mixtures with high and low WAT values, wax carbon content was about 80 and 90%, respectively. Therefore, higher carbon content and lower SNO elements increase the non-polarity of wax and reduce the WAT. Using a micro-DSC, couple of CPM and image processing method and rheometer, Japper-Jaafar (2016) measured WAT of three crude oils from South East Asia. These oils were classified into mild, medium, and severe waxy crude oils. The effects of cooling rate on WAT and wax aggregation from various equipment under cooling rate of 1 °C min −1 are explored and discussed in detail. Their finding shows that the wax type, cooling rate, and shear rate affected the WAT values significantly. In addition, due to the presence of micro-crystalline waxes, they observed that micro-DSC technique detects wax crystals at higher temperatures compared to CPM and rheometry. In addition, their studies showed that wax crystal aggregation reduced by increasing cooling rate and this effect increased by increasing wax content of crude oil. Finally, rheological investigations indicated that WAT of oil samples is shear-dependent when paraffin content is higher than 23.89 wt%.
Development of suitable thermodynamic model is essential for wax investigation. Thermodynamic models are very useful and economical to predict the wax deposition conditions especially in places, where access to them is difficult and costly. In addition, experimental studies are time consuming and have considerable errors. Currently, two kinds of thermodynamic models for wax prediction exist that are based on flash calculations. These models are classified as multi-solid (MS) and solid solution (SS) thermodynamic models. In the SS approach, it is assumed that all components contribute in wax formation, and over-estimate the amount of the precipitated wax (Vafaie-Sefti et al. 2000) . SS models use two different types of equation of state (EOS) and activity coefficients simultaneously for non-ideality description of the liquid state which makes these models, thermodynamically inconsistent (Rahimpour et al. 2013) . However, MS model uses only EOS for non-ideality of phases in equilibrium. The MS model does not require any adjustable mixture parameters which makes it very simple and accurate in practice (Rahimpour et al. 2013) .
Won (1986) developed an SS model and correlations for fusion properties as a function of molar mass. Snyder et al. (1993) performed spectroscopic studies for binary systems and indicated that formed phases comprised of pure components. They suggested that wax formation from multi-component oil mixtures produces pure immiscible phases. Lira-Galeana et al. (1996) stated that since the solubility of each component is highly dependent on temperature, it is expected that only part of components exist in solid-liquid equilibrium during cooling process. Dorset (1990) used calorimetry and investigated the solid formation from binary paraffinic systems. He observed that separated phases comprised from pure components. LiraGaleana et al. (1996) suggested a new MS model for wax precipitation. They employed experimental data of naphthenic and aromatic hydrocarbons and derived new correlation for prediction of fusion temperature. In addition, they suggested that fusion enthalpy correlation of Won (1986) overestimates the amount of wax precipitated below WAT; therefore, they developed a new correlation. The fusion heat capacity was estimated by Pedersen et al. correlation (Pedersen 1995) . Ericsson et al. (1993) modified the Won (1986) model and proposed a new SS model. They showed that fusion temperature drops significantly when a branch is added to normal paraffin. They measured the amount of normal paraffins directly by performing laboratory composition analysis of component with carbon number up to 40. Won (1986) considered that all components with the same carbon number have the same melting temperature. However, Ericsson et al. (1993) revealed that melting temperature of aromatics and naphthenes is different from normal paraffins, and they modified Won (1986) correlation for fusion temperature of these components. Aftab et al. (2015) developed two SS models and measured the WDT of two ternary normal alkane systems. They applied PC-SAFT for liquid non-ideality illustration. In addition, solid-phase non-ideality has been described indirectly by EOS using solidto-liquid fugacity ratio. In the second model, solid and liquid non-idealities were determined by different activity coefficient methods. They reported that regular solution theory for liquidstate non-ideality and predictive Wilson approach for solidstate non-ideality present improved accuracy relative to other activity models. Nichita et al. (2001) proposed an MS model for wax formation prediction in gas condensate systems. They used Won (1986) correlation to estimate fusion temperature of normal paraffins. The authors introduced new correlations for fusion enthalpy and transition temperature. Solid-solidphase transition term was added into solid-to-liquid fugacity ratio equation of pure components. In addition, PR (Peng and Robinson 1976 ) EOS was utilized in their model for VLE calculation. Ghanaei et al. (2007) proposed an MS model based on different activity coefficient approaches and used 56 experimental equilibrium data to validate their models.
In this study, an MS thermodynamic model was developed for WDT prediction at low pressures. Phase behavior of liquid was described by using PR EOS. Paraffinic-naphthenic-aromatic (PNA) analysis was applied to divide each component into its paraffinic-naphthenic and aromatic subfractions. In addition, two correlations for fusion properties of mentioned sub-fractions were developed to better estimation of solid-phase behavior. WDT of four ternary systems including C 14 -C 15 -C 16 (system #1), C 16 -C 17 -C 18 (system #2), C 18 -C 19 -C 20 (system #3), and C 19 -C 20 -C 21 (system #4) are investigated with a new thermodynamic model. In addition, WDT of 12 Iranian crude oils and condensates were measured using viscometry and DSC analysis and these data are used for validation of the model. In the following sections, experimental method is explained first. Then, thermodynamic model is developed and applied on selected dataset. Next, results are presented and discussed. Concluding remarks appear at the end of paper.
Materials and methods
Nine Iranian crude oils and three gas condensate samples were supplied from Kharg oil terminal and south pars gas refineries, Bushehr, Iran. Anton Paar SVM3000 viscometer and Mettler Toledo DSC823 analysis tool were used for WDT determination of oil samples. WDT measured by viscometry technique has inherent shortcomings and should not be used solely for wax characterization. Therefore, two methods are used for WDT determination. These two techniques were used for accuracy evaluation of the results. Composition of oil samples was determined by simulated distillation (SimDis) method according to ASTM D7169 (D7169-16, A 2016). GC device model 7890b manufactured by Agilent was used. The device is equipped with a 5-m column with 0.53-mm diameter. The oven has the ability to program the temperature so that its initial and final temperatures are − 50 and 430 °C, with heating rate of 15 °C min −1 . The detector is also a flame ionization type. These experiments were carried out in Iranian Research Institute of Petroleum Industry. About 50 µl of the sample with 200 µl of CS 2 as solvent was mixed at ambient temperature and then 1 µl of this mixture was injected into the column. The approximate duration of each test was 35 min. Results of SimDis analysis are shown in Table 1 .
Plus fraction splitting of all collected samples was done using two-parameter gamma probability function (Whitson and Brulé 2000) and Ahmed (2007) methods. For each sample, components with carbon number greater than 7 were lumped in C 7+ fraction and then splitted to components with carbon number up to 20. After that, estimated compositions of components with carbon number between 7 and 19 were compared to experimental values measured by SimDis technique. Figure 1a , b shows distribution of plus fraction (C 7+ ) for 2 oil samples (oil #2 and #8) compared to experimental data.
AARE of other samples was calculated by Eq.
(1) and given in Table 2: where Nt is number of total data, and θ exp and θ pre are experimental and predicted properties, respectively.
Comparing results of these methods show that gamma distribution technique splits plus fraction accurately and has lower AARE than Ahmed method; therefore, gamma probability function was used to split plus fraction of oil and condensate samples.
Viscometry method
Each oil and condensate samples were heated to 80 °C and maintained at these conditions for 2 h to remove all the precipitated wax crystals and thermal history. The sample was then cooled to 45 °C by 5 °C h −1 cooling rate; thereafter, 2.5 ml of the homogenized samples was injected into viscometer and cooled to 0 °C by 3 °C min −1 . Semi-log plotting of the dynamic viscosity vs. inverse of temperature was employed to determine the wax disappearance temperature.
WDT can be determined using viscometer data and Arrhenius equation as follows:
In Eq. 2, C is constant; µ/Pa s, Ea/J mol −1 , R, and T/K, respectively, are dynamic viscosity, activation energy, gas constant, and temperature. According to Arrhenius equation, when wax crystals form, viscosity increases suddenly and oil behavior changes to non-Newtonian.
DSC method
DSC method measures changes of samples enthalpy at different temperature. Enthalpy changes because of variation in physical and chemical properties of samples. Mettler Toledo DSC823 system was employed to measure WDT. 200 µl of oil samples was injected into DSC and then heated from 25 to 80 °C at 3 °C min −1 to completely dissolve the precipitated crystals and to remove any shear history. Then, sample
was cooled down from 80 to − 10 °C by 3 °C min −1
. In the enthalpy vs. temperature plot, the point on plot where the slope suddenly changes is WDT.
Experimental dataset
In this study, four ternary systems were utilized to validate the new developed thermodynamic model. These data were reported by Metivaud et al. (1999) . A total of 56 experimental data including 11 different compositions for system #1, 11 data for system #2, and 18 data for system #3 and 16 data for system #4. Experimental data of ternary systems are given in Tables 3, 4 , 5, and 6.
Model development
For thermodynamic equilibrium, chemical potential of the ith species in all phases should be equal. For solid-liquid equilibrium, this criterion is written as follows: Composition/mol% In addition, Eq. (3) can be written in terms of fugacity:
where n is the number of components, and µ i l ,µ i s , f i l, and f i s are chemical potential and fugacity of the ith component in liquid and solid states, respectively. There is no EOS to estimate the solid-phase behavior. In this regard, predictive thermodynamic models were developed using the fugacity of pure solid and liquid components at the same conditions. Figure 2 shows the general sketch of thermodynamic path for chemical potential of pure liquid and solid.
According to Fig. 2 , difference between pure liquid and solid chemical potentials is written as follows (Firoozabadi 1999):
Equation (6) can be written in the form of Eq. (7) (Firoozabadi 1999): 
Δv i dp
Combining Eq. (3) and Eq. (9) gives Eq. (10):
In addition, fugacity of pure solid is related to liquid fugacity as follows (Firoozabadi 1999):
Substituting Eq. (10) into Eq. (11) gives (10) L pure.i 
Stability analysis
Stability analysis was used in MS models to determine all components that form as solid phase. Components that meet the following criteria precipitate as pure solid phase:
In Eq. 13, f (T, P, x) is the fugacity of components in the original mixture with composition x, and thermodynamic conditions of P and T. f s pure (T, P) is pure solid fugacity at the same T and P.
In this study, PR (Peng and Robinson 1976 ) EOS was considered for SLE. Fugacity of pure liquid was estimated by PR EOS, and pure solid fugacity was indirectly calculated from pure liquid fugacity (Eq. 12). The poynting term was ignored in this work, because it is effective only at high pressures.
Fusion properties
Using suitable correlation for fusion properties is an important step in thermodynamic modeling of wax prediction. In this paper, the PNA analysis was performed using Riazi (2005) method. PNA analysis separates each component into paraffinic (P), naphthenic (N), and aromatic (A) species. Finally, each property was estimated by Eq. (14): where θ is property, and x P , x N , and x A are composition of the P, N, and A species, respectively.
A general correlation was developed for fusion temperature of all hydrocarbon species. Two sub-fractions are considered for each component including paraffinic-naphthenic (PN) species and aromatic species. In this study, experimental data of Himran et al. (1994) for fusion temperature of normal paraffins, and experimental fusion temperature data
of naphthenic and aromatic hydrocarbons (American Petroleum Institute, R 1964) were utilized to derive a correlation in the following form:
where Mw is molecular weight and a, b, c, d , and e are constants for PN and A species which were optimized by Newton algorithm method and are tabulated in Table 7 .
The new developed correlation has no adjustable parameter in estimating fusion enthalpy of PN species based on average properties of these sub-fractions. The correlation is as follows:
The fusion enthalpy of aromatic species was calculated from the following equation (Lira-galeana et al. 1996) :
The correlation developed by Pedersen (1995) was employed for estimating heat capacity difference of all components, as follows:
For physical properties, correlations proposed by Edmister (1958), Søreide (1989) , Twu (1984) , Chueh and Prausnitz (1967), and Cavett (1964) were employed to estimate the acentric factor, boiling point temperature, critical temperature, critical molar volume, and critical pressure, respectively. Figure 3 indicates the proposed algorithm for development of the MS model.
Results and discussion
New MS model was introduced for WDT estimation of crude oils and condensates. Then, it was validated with experimental data of four ternary systems and 12 crude oil mixtures. WDT of these crude oil mixtures was measured using DSC and viscometry techniques. Figures 4, 5, 6 and 7 show the predicted WDT for systems 1 through 4.
It is observed that the MS model is able to predict the WDT of ternary systems, successfully. Table 8 shows the average absolute deviation of this model for each system. In this table, WDT exp and WDT pre are experimental and predicted WDT values, respectively. According to Table 8 , AARE for systems #1 and #2 is lower than all the previous developed thermodynamic models except the MS models of Ghanaei et al. (2007) which is based on the predictive Wilson model for these systems. Considering the fact that wax deposits are mainly composed of components with a carbon number of 18-36 (for macro-crystalline waxes) or 30-60 (for micro-crystalline waxes), concentration of wax forming compounds decreased with corresponding increase in composition of non-waxing components in mixture no. 7 and beyond. Therefore, the ability of model to predict WDT decreased and the difference between experimental and predicted results increased. Unlike systems #1 and #2, average absolute deviation of the new developed MS model for systems #3 and #4 is lower than all other thermodynamic models. Results show that as carbon number of the systems increases, the AARE of developed model decreases. For 56 experimental data point of four ternary systems, this 
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Comparison of experimental (Metivaud et al. 1999 ) and predicted WDT vs. mixture number for system #4 1 3 model has AARE of 0.52% which is the lowest among other models. Table 8 indicates that the error of thermodynamic models of Ghanaei et al. (2007) (five models), Nichita et al. (2001), and Lira-Galeana et al. (1996) have, respectively, 1.24, 1.24, 1.24, 0.99, 0.75, 1.24, and 12 .3% AARE which is higher than the new developed MS model. In addition, results reveal that consideration of PNA analysis is essential for accurate estimation of equilibrium conditions. Figure 8 shows viscosity vs. reciprocal of temperature for oil sample no. 2. According to this figure, at temperatures above wax formation temperature, viscosity has a linear trend and deviates slightly at lower temperatures. In this figure, cooling at temperatures before wax formation temperature leads to increase in viscosity by 3.7E-05 mPa s °C −1 , while this rate increases to 108E-05 mPa s °C −1 immediately after the wax formation.
Energy of the oil samples reduces when wax crystal was formed, because formation of wax crystals is an exothermic process. When wax crystals are formed, the heat flow decreases suddenly and slope of heat flow vs. inverse of temperature changes. Figure 9 shows that at temperatures below 298.41 K, reduction rate of oil energy is constant, but immediately after this temperature energy was reduced with higher rate. Table 9 summarizes viscosity and WDT values of all crude oil and condensate samples measured by viscometry, DSC, and predicted values of WDT by new developed model. It was observed that measured WDT by viscometry method is higher (+ 1 to + 3 °C) compared to DSC. This can be due to precipitation of non-crystalline particles in the oil sample (e.g., asphaltene) or appearance of liquid-liquid separation that cannot be detected by DSC equipment (KOK et al. 1996) . Results show that the model has a good agreement with 12 experimental data and can predict WDT in situations where viscometry and DSC analysis are not available.
To investigate the prediction ability of developed thermodynamic model, statistical analysis was performed. In this regard, R-square, average relative error (ARE), average absolute relative error (AARE), standard deviation (STDEV), root-mean-square error (RMSE), and standard uncertainty were calculated to test the model performance. In addition, the same statistical analysis was carried out for validation of data measured by viscometry and DSC techniques. Results of statistics calculation are summarized in Table 10 . Statistical results show that WDT measured by DSC technique has lower standard uncertainty compared to those of viscometry. Therefore, DSC has higher accuracy in comparison with viscometry. In addition, the new introduced model has 0.23% AARE, R-square about 0.97, and 1.11 standard uncertainty which show a well agreement between experimental data and the new thermodynamic model. Using both predicted and measured WDT, the cumulative distribution function is shown in Fig. 10 . Three parameters of P10 (10% probability), P50 (50% probability), and P90 (90% probability) were determined for measured and predicted WDT data. According to this figure, the difference between P10 and P90 of predicted and experimental data was 0.95, while this difference is 0.75 for P50. These differences between model and experiment are very low. According to the results, the thermodynamic model developed in this study has a good performance and can be used for WDT estimation.
Conclusion
In this study, an MS thermodynamic model was developed using PR EOS and tested with 56 data points of the ternary systems and 12 experimental data of crude oil mixtures. Results show that fusion temperature and fusion enthalpy of components are the most important parameters in WAT prediction. Comparing results of gamma probability function and Ahmed methods show that gamma distribution technique splits plus fraction accurately and has lower AARE than Ahmed method. PNA analysis and distribution of each component in its sub-fractions including paraffinic-naphthenic and aromatic species have a considerable effect on the model accuracy. It is shown that by increasing carbon number of components in oil mixtures, accuracy of model increases. In addition, predicted WDT by the developed model has a good match with 12 experimental data which were measured by viscometry and DSC methods. For 56 experimental data points of four ternary systems, this model has error of 0.52% in terms of AARE that is lower than the AARE of other thermodynamic models. R square was calculated about 0.97, which shows that the model is able to predict experimental data. The cumulative distribution function also indicates that P50 values for model and experimental data are almost the same which approved the model accuracy. In addition, statistical analysis show that DSC technique has lower AARE and standard uncertainty compared to viscometry. These findings show that the proposed thermodynamic model has a good ability to predict WDT of waxes in multi-component systems, as well as ternary mixtures.
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